Objective: Seizures in mesial temporal lobe epilepsy (MTLE) associated with hippocampal sclerosis are thought to develop with various latency intervals after an initial transient brain insult. To study seizure dynamics after an initial transient precipitating insult in a systematic fashion, we utilized continuous video-electroencephalography (EEG) monitoring after the induction of status epilepticus (SE) in a mouse MTLE model. Methods: Continuous 24/7 video/telemetric hippocampal EEG recordings in the systemic pilocarpine MTLE mouse model. Results: After SE, we observed emerging seizures interfering with the circadian EEG rhythms. The physiologic circadian EEG pattern of mice was transiently suppressed for 2.9 (mean) AE (SEM) 0.5 days after SE. This period was accompanied predominately by nonconvulsive seizure activity, followed by convulsive seizures at later stages. After the circadian rhythm was restored, spontaneous generalized seizures occurred mainly in a clustered manner in a narrow time window between 4 and 7 p.m. (light cycle 7 a.m./7 p.m.). Moreover, we demonstrate that depth-electrode implantation surgery transiently disturbs the physiologic EEG circadian cycle; variation of the time point of SE induction after electrode insertion surgery revealed a substantial impact on the epilepsy phenotype, which was more severe when SE occurred after postsurgical reappearance of EEG circadian cycling. Significance: These data have several experimental and pathophysiologic implications. The impact of depth-electrode surgery on the phenotype has to be tightly controlled. In mice monitored after pilocarpine-induced SE, the "epileptogenesis" period is characterized by the dynamics of epileptiform activity toward behavioral recurrent seizure patterns. The striking clustering of spontaneous seizures at the transition from sleep to activity stages of mice has to be taken into account for future studies on the model. Improving our understanding of the molecular mechanisms that determine the circadian dynamics of seizure threshold remains an intriguing task for the future.
Mesial temporal lobe epilepsy (MTLE) is a common type of focal epilepsy characterized by the neuropathologic pattern of hippocampal sclerosis. 1 MTLE is assumed to be associated with or facilitated by a transient precipitating brain injury, including trauma, status epilepticus (SE), or prolonged febrile seizures. 2 Recurrent chronic behavioral seizures are thought to occur only after a latency period of years from the presumed precipitating injury. This has led to the concept of epileptogenesis, currently defined as the development of progressive tissue changes capable of generating spontaneous seizures, resulting in an active epileptic condition. 3 Genetically manipulated mice are excellently suited to improve our understanding of molecular mechanisms operating during epileptogenesis and to develop antiepileptogenic strategies. [4] [5] [6] A widely used model in rodents that recapitulates the emergence of human MTLE is based on induction of SE by systemic application of pilocarpine. 7 Detailed knowledge on the development of seizure type, severity, as well as frequency is mandatory to characterize this model, and video monitoring of animals without electroencephalography (EEG) correlation may be insufficient in this context. Only recently technical devices have become available for long-term permanent video-electroencephalography (EEG) monitoring in mice, which were used in order to delineate seizure activity in the murine "pilocarpine model" in a very detailed fashion. 8 Intriguingly, this study first showed that in the pilocarpine MTLE mouse model, the "latent period" between SE and seizure onset is missing, since seizures occurred already 24-48 h after SE. Furthermore, the study demonstrated the emergence of spontaneous seizures in distinct patterns of clusters in individual mice. 8 Striking patterning of seizure activity modulated by circadian cycles has been reported in human epilepsy patients as well as electrical stimulation and excitotoxic druginduced epilepsy models, [9] [10] [11] whereas other authors did not observe this patterning in the rat pilocarpine model. 12 Intriguingly, it was demonstrated in rats that seizures induced by electrical hippocampal stimulation shifted circadian events, such as the circadian rhythm of temperature. 13 Based on these precedents, we have here systematically analyzed by continuous video-EEG monitoring the development of seizure characteristics after pilocarpine-induced SE in mice in the context of physiologic circadian EEG patterning. Considering the possibility that a precipitating injury may reduce the threshold for chemical convulsants in experimental focal epilepsy models, 14 we have further addressed whether the implantation of hippocampal monitoring electrodes in mice has to be taken into consideration in this context.
We confirm here an early onset of seizure activity after pilocarpine-induced SE in mice. However, seizure characteristics changed fundamentally during the monitoring phase after SE and interfered with the circadian EEG rhythms. Finally, the time point of SE induction after hippocampal electrode-implantation surgery, a procedure that transiently disturbs the physiologic EEG circadian rhythm, revealed a substantial impact on the epilepsy phenotype. These aspects will require careful consideration when using the pilocarpine SE model in mice.
Methods

Animals, chronic epilepsy induction, and video-EEG monitoring
Male C57Bl6/N-mice (Charles River, Sulzfeld, Germany; 55-63 days old and weight 20-24 g) were used for these analyses. Mice were single housed under a 12 h light-dark cycle (light cycle 7 a.m./7 p.m.), in a temperature-(22 AE 2°C) and humidity-(55 AE 10%) controlled environment with food and water ad libitum and nesting material (Nestlets, Ancare, U.S.A.). Animals were allowed at least 1 week of acclimatization to the animal facility before surgery. All procedures were planned and performed in accordance with the guidelines of the University of Bonn Medical Centre Animal Care Committee as well as the guidelines approved by the European Directive (2010/63/ EU) on the protection of animals used for experimental purposes.
The electrographic features were analyzed with a telemetric video-EEG monitoring system (TL11M2-EET, DSI, USA). Implantation procedure and postoperative treatment were described previously in detail. 4, 15, 16 Depth electrodes were placed in the hippocampal CA1 region at the following stereotaxic coordinates: À2 AP, 2 ML, 1.7 DV. Reference electrodes were fixed with a stainless steel screw above the midline cerebellar cortex of the simple lobe (À6 AP, 0 ML, 0 DV). All mice received analgesia before for 3 days (5 mg/kg ketoprofen, s.c.; Gabrilen, mibe, Germany). To characterize the influence of the duration of electrode implantation and the recovery time after surgery on the chronic epileptogenic process, two groups of mice were used, the first (n = 5) with short (7 days) and second (n = 6) with long (14 days) recovery time between electrode implantation and SE induction.
Sustained seizures and SE were induced in animals by administration of pilocarpine as described before using 335 mg/kg, s.c., pilocarpine-hydrochloride (Sigma, Germany) 20 min after subcutaneous injection of scopolamine-methyl-nitrate (Sigma, Germany). 16 Controls were treated identically but received 0.9% NaCl solution instead of pilocarpine. Diazepam (4 mg/kg, s.c.; Ratiopharm, Germany) was administered 40 min after the onset of SE to terminate seizures. Of pilocarpine-injected animals, only those that developed SE (SE experienced) were used further for analyses. Sham animals, which had some convulsive seizures after pilocarpine injection without a behavioral and electroencephalographic visible SE, were not included in the study.
Continuous 24 h/7 days EEG recording with a 1 kHz sampling rate was carried out until day 28 after SE. Acquired EEG data were analyzed using fast-Fourier transform (FFT) power spectral analysis. To evaluate long-term (≥35 day EEG) frequency dynamics, power frequency of EEG signals was analyzed in 1 sec sliding windows with 0.3 s overlap. This spectral information was integrated in 1 h time frames to produce final time-frequency representation for a ≥35 day EEG-recording period. Power was analyzed in five frequency bands: delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz), and gamma (30-40 Hz).
All seizures were clearly distinguishable from baseline EEG activity, due to their prolonged (>15 s), large amplitude signal (>29 baseline peak to peak amplitude; see Fig. S1 for example). From concurrent video recordings, all spontaneous seizures during the acute SE and in early and late chronic epileptic periods were modified from previous described classifications. 4, 15, 16 Seizures were scored as ≤stage II if a clear epileptiform EEG signal was present without corresponding evident behavior in the video, which could include mouth or facial movement, and these seizures were further referred as nonconvulsive; stage III, bilateral tonic-clonic forelimb movement; stage IV, severe seizures with rearing without falling; and stage V, severe seizures with rearing and falling/loss of righting ability. Sustained continuous tonic-clonic seizures with loss of posture termed SE correlated with large amplitude EEG without individually separable events that did not return to baseline for >40 min (Fig. S1 , after sequence 10).
Active state was scored if the seizure occurred when the behavior of the mouse showed apparent movement, such as walking, eating, grooming, and so on, at least 30 s before seizure onset. Inactivity was defined as little to no volitional movement, including apparent sleep 30 s before seizure onset, as described earlier. 17 Additional information about animal movement activity was obtained from the same implanted transmitters.
Histopathologic and immunohistochemical analysis was performed 28 days after SE (see Supplementary Methods).
Statistical analysis
Two-way analysis of variance (ANOVA) followed by Sidak's post hoc test was used for statistical assessment of phenotypic differences between groups. Group comparisons were carried out using the unpaired Student's t-test, or a Mann-Whitney U test. Ordinal data was analyzed using the chi-square test. The values were considered significantly different when p < 0.05. Results were expressed as mean AE standard error of the mean (SEM).
Results
To analyze the influence of circadian rhythm in the pilocarpine MTLE model, we have monitored over an extended period, starting substantially earlier, that is, from day 14 before the induction of SE, to cover pre-SE manipulation effects on EEG rhythms throughout epileptogenesis up to the chronic period 28 days after SE with bilateral CA1 hippocampal electrodes (Fig. 1A) . Electrode placement was confirmed histologically in all animals (Fig. 1B) . No spontaneous seizures were recorded after electrode surgery. EEG abnormalities (sporadic synchronous bursts) were observed in two animals (data not shown).
Application of pilocarpine (time point 0) caused isolated electrographic seizures detected by a greater than twofold increase in EEG-signal amplitude, showing a pattern characterized by fast activity at onset, followed by an irregular spiking-phase and bursting activity with postictal depression (Fig. S1 , traces 2, 5, 8, and 9). Subsequently, animals experienced SE (Fig. S1 , after sequence 10). Different EEG patterns occurred after pilocarpine injection before successfully reaching full-blown SE (Fig. S1 , upper trace). EEG events were present like large-amplitude spindles (Fig. S1 , trace 1), high-frequency spiking sequences (Fig. S1 , traces 4 and 7), and isolated or grouped spike-wave complexes (Fig. S1 , traces 3 and 6) that did not correlate with behavioral changes. Isolated seizures (Fig. S1 , traces 2, 5, 8 and 9) with a tonic-clonic behavior correlated with video analysis were typically observed before SE onset (Fig. S1 , event/sequence 10). SE was characterized by sustained and continuous series of generalized tonic-clonic seizures with loss of posture accompanied with continuous high-amplitude EEG spike activity.
We examined the physiologic circadian rhythm activity in freely moving mice by long-term power-frequency analysis of hippocampal CA1 EEG recordings, to verify the activity changes over time before and after SE. Figure 1C shows a representative power spectral analysis of one animal over a period of 42 days (14 days before and 28 days after pilocarpine injection). The cumulative power of different frequency bands (0-40 Hz) was represented in 1-h bins, with sequences of light/dark vertical columns indicating circadian 24 h EEG power-density cycles. Sleep EEG recording was characterized by a predominant slow-frequency power activity (1-4 Hz), whereas wake EEG typically showed a prevalence of fast activities (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (Fig. 1C , right insert). Depth-electrode implantation 14 days before SE induction (surgery = day -14) led to an obvious loss of EEG circadian activity for 4.7 AE 1.7 days. This activity was SE is induced 14 days after depth-electrode implantation. Surgery results in a virtual loss in circadian delta-as well as gamma-activity for 4.7 AE 1.7 days (dark spectral profile for the first 3 days of the postsurgery period in this example). Similar disturbance of circadian oscillations for 2.9 AE 0.5 days is present after induction of SE. Time-frequency spectrogram shows normalized cumulative power in "1 h bins." Movement activity counts (AU) of the same animal is illustrated in the lower row. Activity is correlated with circadian changes in the spectrogram, with a short decrease after SE induction followed by an increase for 8.9 AE 1 days (until day 10 in this example). (Fig. 1C , beginning of postoperative phase) with a full recovery to circadian activity after 8.9 AE 1 days characterized by a distinct alternating pattern. SE was consistently characterized by a strong few-hour increase in all frequency bands, visible as a white stripe in all spectrograms ( Fig. 1C ; SE see arrow), followed by an increase in delta and theta activity for one day that fully recovered to a stable alternating EEG-pattern (Fig. 1C, insert) . Irregular circadian oscillations for 2.9 AE 0.5 days after induction of SE were observed in all animals ( Fig. 1C,D ; "early post SE"-period). These data demonstrate that different insults, such as intracranial electrode implantation or the occurrence of generalized SE, led to a loss of electrographic circadian rhythm activity for several days.
Spectrogram circadian changes were correlated with the movement/activity of the animal (Fig. 1C, lower trace) . The animal movement showed a transient decrease during/after SE induction, followed by increased activity for several days after SE. Then a stable correlation between circadian changes and movement/activity was observed when the circadian phases occurred. Figure 1D shows the power spectrograms of six analyzed animals after SE induction with individual seizure frequency visualized above each spectrogram. Only one animal showed a seizure-free interval of 4 days after SE (Fig. 1D, animal #6 ). In the other five mice EEG seizures appeared the day after SE as convulsive seizures (Fig. 1D , marked with asterisks). It is evident that no latent period, defined as an interval free of seizures for several days to weeks after SE, was observed.
After SE, spontaneous recurrent seizures occurred in all animals (n = 6) showing a bi-phasic appearance with an early peak 1-3 days after SE induction and a late peak 15-20 days post-SE ( Fig. 2A ). All monitored animals had seizures after the peak. Of interest, we observed a progression in seizure features toward a more severe phenotype that correlated with the recovery of a circadian EEG oscillation ( Fig. 2A) . In the first 3 days after SE, seizures were consistently characterized by a short duration (Fig. 2C) , with variable spike activity and less obvious postictal depression (representative examples in Fig. S2, left traces) , showing a bilateral EEG pattern (Fig S2B left traces) . In contrast, seizures occurring later in epileptogenesis (≥4 days) were longer compared to early post-SE seizures (representative example in Fig. S2, right traces; Fig. 2C ). We observed only one nonconvulsive (≤stage II) seizure in the chronic period and the same animal exhibited four stage II seizures. Overall, the duration of early (day 1-3) seizures compared to chronic seizures (day 4-28) was significantly shorter (data not shown; early: 17.2 s AE 1.6; chronic: 32.6 s AE 1.0, t-test: ****p < 0.0001).
Of interest, we observed a shift in seizure severity recorded within the first 3 days, compared to the chronic 4-28 day period (Fig. 2B) . Eighty percent of early seizures were mainly ≤stage II or categorized as a mild stage III (Fig. 2B) , whereas 99% of the late chronic seizures showed tonic-clonic manifestations (Fig. 2B) . It is worth noting that all spontaneous seizures were generated simultaneously in both hippocampi in chronic and early periods after SE (Fig. S2B) , without visible delay of onset/offset (inserts show higher resolution of seizure onset). Thus, early and late post-SE period differed with respect to seizure severity and duration.
Next, we correlated the occurrence of the spontaneous seizures to both the circadian rhythm and the movement activity of the animal just before seizure onset. Early seizures occurred mainly during the active phases of the animal ( Fig. 2D; 80%) , whereas late chronic seizures arose during periods of inactivity (76%). In both periods, a balanced night/day manifestation was found: early seizures were observed 50% during either night or day and late period seizures occurred 52% vs. 48% during night and day, respectively (data not shown).
We found a clear seizure clustering in the late chronic period after SE: 87 seizures showed an interseizure interval inferior to 2 h (corresponding to 27% of all late chronic seizures; Fig. 2E ) and 91% of the seizures showed a seizure time interval of <24 h. In the early post-SE period, nearly all seizures occurred within an interval shorter than 15 min (90%; data not shown).
After stabilization of the circadian rhythm, late chronic seizures strongly correlated to night/day cycles with respect to the power band analysis (Fig. 3) . Animals exhibited a peak of seizure occurrence between 4 and 7 p.m. (lightcycle 7 a.m./7 p.m.) (Fig. 3A, right panel) , when delta activity decreases at the end of the sleeping period ( Fig. 3A; delta activity: continuous line) and gamma activity increases during transition to awakening state ( Fig. 3A; gamma activity: dotted line). The transition time point is 15:50 h AE 30 min manifested as a crossing of delta decrease and gamma increase (Fig. S3A) . In contrast, seizures in the early phase after SE induction (days 1-3) were evenly distributed over the daily 24 h (Fig. 3A, left panel) . Circadian rhythm was strongly disturbed after surgery (Fig. 3B, left panel) but reappears later, just before SE induction (Fig. 3B, right panel) . The averaged quantification of the circadian delta/gamma changes performed in all recorded animals is shown in the Figure S3B .
We next analyzed the dynamics of the different frequencies over the whole recording time. Delta-(0-4 Hz) and gamma-(30-40 Hz) frequency bands showed a rhythmic contra phase circadian oscillation (Fig. 3C, upper rows) . Chronic seizure activity (vertical dotted gray lines) was mainly locked to the transition period between decreased delta activity and increased gamma activity, corresponding to time points between 4 and 7 p.m. (end of the inactive phase of mice behavior). The theta-delta ratio is an important indicator for hippocampal activity state transitions. 18 This transition from sleep state to wakefulness appeared to Epilepsia, 58 (7) 
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The distribution in delta-and gammafrequency power before SE. The last 3 days before SE (right panel; stable physiologic circadian rhythm) show a pattern similar to that of the stable rhythm in the chronic period. In contrast, the distribution of the circadian activity within the first 3 days after surgery seems to be more affected, indicating a strong influence of mechanical disruption (left panel). (C) Representative delta-and gamma-frequency dynamics of deep-hippocampal recordings of one animal during the whole recording time. The power of the delta and gamma activity presents as cumulative power in "1 h bins." Vertical dotted gray lines mark the spontaneous seizures. Delta-(0-4 Hz) and gamma-(30-40 Hz) frequency show a rhythmic, contra-phase circadian pattern. Chronic seizure activity is mainly distributed in the decreasing period of delta activity and increasing gamma activity, which resembles time points between 4 and 7 p.m. Similar phase lock of seizure appearance is present in theta (6-10 Hz) to delta (0-4 Hz) ratio graph (lower rows). Theta-delta ratio changes are similar in both hemispheres, demonstrating synchronous activity in the right and left hippocampal circadian pattern dynamics (right and left CA1 region of the hippocampus; lower two rows). Epilepsia ILAE be more seizure prone in both hemispheres (Fig. 3C , lower rows) in the pilocarpine model.
Less-organized circadian frequency oscillations during all recorded times were present in the short-recovery group after surgery (Fig. 4A, representative spectrogram; Fig. S4 , all spectrograms). Long recovery group shows significantly more stable circadian pattern in delta and gamma compared to short recovery group evident in more cyclic activation (Fig. S5) . In these animals, no seizure-free interval was present after SE (Fig. 4A) . Overall, the long recovery group exhibits more convulsive seizures compared to the short recovery group (Fig. 4B,C) .
When considering stage IV and V seizures separately, the long-recovery group exhibited significantly more stage V seizures (Fig. 4D) . The duration of individual stage IV seizures was significantly longer in the long-recovery group, but stage V seizures show no difference (Fig. 4E) . Seizure clustering in the late chronic post-SE period was also observed in short-recovery animals (data not shown). These data indicate that recovery time between surgery and SE induction strongly influences seizure frequency, severity, and duration in the pilocarpine model of TLE.
In the acute period after pilocarpine injection, no significant different seizure number or duration was observed between long and short postsurgery recovery time ( Fig. S6A1 and A2) . The latency to the first seizure (at least stage IV; Fig. S6A3 ) and to SE after pilocarpine administration (Fig. S6A4) was not different comparing short-and long-recovery-group. With respect to seizure severity, the two recovery groups differed significantly: the long-recovery group exhibited an equal distribution in all seizure stages, whereas the short-recovery group had more stage IV seizures (Fig. S6B) .
To assess structural alterations caused by the duration of recovery times between both insults (surgery and SE), we carried out neuropathologic analyses of brains in the stage of chronic epilepsy compared to control hippocampi. Both groups of SE animals showed the classical pattern of hippocampal sclerosis (Fig. 5A ) with no significant differences with respect to neuronal cell loss in CA1 or CA3 measured by NeuN immunohistochemistry (representative staining Fig. 5A , middle panels; quantification Fig. 5C ). It should be emphasized that our neuron-counting methods are relative estimates and not absolute calculations of the number of hippocampal neurons. Compared to design-based stereologic analysis, this cell counting method has some limitations, depending on the severity of alterations and tissuespecific differences. 19 However, because the samples used here underwent identical methodologic procedures, the impact of variability in tissue quality for neuronal cell counts should be minimized and affect in a similar way control and experimental model sections. Furthermore, no correlation between seizure frequency and the degree of neuronal cell loss was observed (data not shown). To confirm neuronal loss, we additionally use MAP2 staining. A dendritic loss was present in CA1 and CA3 in both groups (Fig. 5B, right panels, inserts) . Although there is some natural variation with respect to individual representative figures, no quantitative changes were present regarding the activated microglia (data not shown; representative staining Fig. 5A, right panel) . However, astrogliosis differed between the two groups (representative staining: Fig. 5B , middle panels). Glial-specific marker protein (GFAP) staining demonstrated an intense astrogliosis (category 4) iñ 30% of the long post-SE recovery group, but not in the short-recovery group (Fig. 5D) . With respect to neuronal cell loss, microglia activation, or reactive astrogliosis no differences were found between both hemispheres. Overall, the histopathologic analysis indicates that SE recovery-time correlated with the intensity of astrogliosis but not with the amount of hippocampal cell loss.
Discussion
Post-SE models induced by chemical convulsants have been used widely used in rodents for decades. 7 Only recently has a detailed characterization of the mouse "pilocarpine model," although confirming several features of the epileptogenesis process previously reported in rats, revealed the occurrence of a very rapid seizure onset and spontaneous recurrent seizures in a distinct clustered fashion. 8 Based on this, we have analyzed ictal activity in the context of background EEG-pattern distributions. We observed abundant nonconvulsive ictal activity with rapid onset after pilocarpine-induced SE. Power analysis of different EEG-frequency bands revealed that within the first 3 days after SE, seizures appear to be less intense compared to later post-SE time points (≥4 days). These early chronic seizures are shorter, less severe, and most often non-convulsive. Given the previously reported pharmacokinetic profile of pilocarpine's blood and brain concentrations in this early time window after SE, it is clear that the early seizures are not due to residual exposure to pilocarpine. 8 The pathophysiologic mechanisms triggering these acute nonconvulsive early seizures are virtually unresolved. Given the plethora of pathomechanisms occurring during several days after SE relating to the emergence of neuronal hyperexcitability, 4, 20, 21 we favor different mechanisms to underlie ictal activity at this early stage after SE. Potentially, immediate neurotoxic effects of pilocarpine and death of distinct inhibitory interneurons occurring in the dentate gyrus hilus 22, 23 could be involved. In addition, inflammatory alterations induced by pilocarpine may contribute 24 as well as an incomplete control of the pilocarpine effects by application of diazepam. Given these considerations, the predominately nonconvulsive seizure activity observed within the first 72 h after SE should be considered separately from later chronic recurrent seizures. It should be noted that particularly molecular and electrophysiologic studies will be ideally suited to delineate the pathophysiologic basis of this early nonconvulsive ictal activity and its role in the progress of "epileptogenesis."
As suggested by others, 25, 26 our data argue in favor of a dynamic development of the epileptic phenotype, rather than an entirely seizure-free "latency period" in the development of epileptogenesis after SE in mice. Intriguingly, it was hypothesized that epileptogenesis may continue beyond the latent period and may be correlated with the progression in the number and/or severity of seizures. 27, 28 In fact, we observed apparent differences between early nonconvulsive episodes and later chronic recurrent seizure events with respect to several characteristics including Appearance of spontaneous seizures is markedly increased in the long-recovery group. (A) Experimental time line of the study. SE is induced 6 days after depth-electrode implantation. Representative power frequency analysis of one animal with a continuous 35-day EEG recording is shown in the lower panel. In the later period, the spectrogram appears with a less-organized circadian pattern represented in 24 h sequences of light and dark vertical columns. Seizure counts with a lower frequency are represented in red bars plotted above the spectrogram. Asterisks mark the occurrence of the first convulsive seizure showing that also with a shorter recovery after surgery, no latency period is present. (B) Number of spontaneous seizure appearance in short-versus long-recovery group. Seizures are quantified in "1 day bins" beginning at day 4 after SE induction. The frequency of spontaneous seizures is substantially increased in the long-recovery versus the short-recovery group, peaking at day 18-20 (two-way ANOVA: Sidak's post hoc: day 19 *p < 0.05; **p < 0.01, group variance: *p < 0.05). (C) Within the chronic period, the seizure frequency was significantly higher in the long-recovery group (Mann-Whitney U test, ****p < 0.0001). (D) Seizures are more severe in the SE-experienced long-recovery group, with a high fraction of generalized stage V ictal events (v 2 -test: ****p < 0.0001). (E) In addition, the long-recovery group exhibits longer seizures (stage IV: short-recoverygroup: 26.3 s AE 2.1; long-recovery-group: 33.5 AE 1.2; unpaired t-test, Bonferroni correction; *p < 0.025), but stage V seizures were not significantly different (stage V: short: 28.7 s AE 2.1, long 31.6 s AE 1.5; unpaired t-test, Bonferroni correction; p = 0.44). Epilepsia ILAE seizure onset, severity, and temporal patterning. This agrees with the recent refinement of the definition of the term "epileptogenesis," suggesting that epileptogenesis is an "ongoing tissue phenomenon capable of generating spontaneous seizures comprising the development and progression of epilepsy after it is locally established and not only the time restricted to the early period after SE induction." 29, 30 Epilepsia, 58 (7) Seizures in the early post-SE stages occur mainly during phases of activity, whereas in the later chronic recurrent seizures stage, events occur most often during phases of inactivity. The highly clustered appearance of chronic seizure implicates that long-term 24 h/7 day video-EEG analysis is crucial to correctly evaluate seizure appearance during epileptogenesis. Clusters of seizures have previously been reported in the pilocarpine model in rats with a periodicity of 5-8 days. 31 In addition, recent data from continuous human intracranial long-term EEG recordings (6 months to2 years) confirm the presence of seizure clustering in focal epilepsies. 32 A diurnal time dependency has also been found in several studies of seizure distribution in human TLE. [32] [33] [34] A circadian seizure clustering in human TLE with two peaks at 7-8 a.m. and at 4-5 p.m. has been reported. 11 The early time point resembles the transition from inactive to active period of the day complementary to the seizure peak we found in the present mouse model at 4-7 p.m. Also experimental seizures in rats have been reported as more frequent during periods of inactivity. 17 Circadian seizure clustering was reported in several experimental epilepsy models, including the kainic acid and pilocarpine SE as well as kindling models, mainly in rats. 10, 17, 34, 35 A recent study reported effects depending on the time-of-day on the seizure threshold for both generalization of seizures, with a peak in threshold at the beginning of the dark cycle, 36 whereas others reported no circadian patterns of seizure events in rats after pilocarpine-induced SE. 12 Intriguingly, we observed for the first time in the mice pilocarpine model rather stable diurnal clustering of late chronic seizures. The occurrence of these late chronic seizures is correlated with a shift in delta/gamma frequency, which manifests in a biphasic manner reflecting the turn from inactive to active state of the animal between 4 p.m. and 7 p.m. Of interest, the circadian seizure patterns are fully present 3 days after pilocarpine-induced SE. Both features, the robust seizure frequency as well as the emergence of a stable circadian seizure rhythm, may be regarded as key characteristics of recurrent spontaneous seizures. Endocrine dynamics during the estrus cycle have been suggested to correlate with seizure patterning in female rats subjected to the pilocarpine-SE model. 37 Fluctuation of hormonal abundance including adrenal hormones or androgens may be relevant in this context. Circadian dentate gyrus excitability has been reported in epileptic animals to potentially be influenced by changes in hypothalamus-regulated superordinate functions. 10 Neurotransmitter concentrations with substantial potential impact on seizure threshold modification including glutamate are fundamentally affected by endocrine dynamics including glucocorticoid levels. 38 Besides neurotransmitter levels, the expression of neurotransmitter receptors and ion channels as well as clockoscillating transcripts such as "Period1" cycle in a circadian manner in the hippocampal formation, which is impacted by epilepsy (for review see Cho 39 ). Detailed analyses of the dynamics of molecular factors that regulate seizure patterning and circadian EEG rhythms and their role in epileptogenesis remain important tasks for the future.
Our findings suggest that the depth-electrode implantation has an impact on the epilepsy phenotype, for example, including the absence of a latency period. In this context, we observed a striking relevance of the time point of SE induction with reference to the time point of surgery, which has a high impact for the epilepsy research community because several models use similar setups. Our findings are in agreement with findings in the amygdala kindling model where a longer duration of electrode implantation induces a prokindling effect. 40, 41 In pilocarpine-treated rats, spontaneous seizures occur earlier in electrode implanted animals (i.e., 4-6 days) compared to not implanted animals (i.e., 11 days to 6 weeks; reviewed in Loscher et al. 42 ). Animals with a longer recovery time between depth-electrode implantation and SE induction had a more severe phenotype in the chronic epileptic period with respect to frequency, severity, and duration of spontaneous chronic recurrent seizures. The epileptic phenotype was more severe when SE occurred after postsurgical reestablishment of the EEG circadian cycling. This indicates that the duration of the recovery time is directly correlated with the strength of the epileptic phenotype. Finally, our analysis showed that recovery time, and thus seizure frequency, leads to a severe reactive astrogliosis but does not influence neuronal cell loss. The positive correlation between seizure frequency and reactive astrocytes is in agreement with a recent publication showing that (C) Quantification of neuronal cells shows a strong neuronal cell loss compared to non-SE controls, but no difference is present between both groups (controls n = 6; short-recovery group n = 5; long-recovery group n = 7; t-test: control vs. short-/long-recovery group CA1 and CA3: ****p < 0.001; short-vs. long-recovery group: CA1: p = 0.33; CA3: p = 0.67). (D) Long-recovery group showed a significant stronger astrogliosis after induced SE compared to short-recovery group (v 2 -test: *p < 0.05). Around 30% exhibits a strong astrogliosis category 4, whereas this severe phenotype was absent in the short-recovery group. Epilepsia ILAE astrogliosis itself leads to an epileptic phenotype. 43 In contrast to what was considered before, we could not detect correlations between severity of hippocampal neuron loss and amount of early seizures. 8 They contemplated a tendency for this correlation, but no quantification of neuronal cell loss was done.
Finally, our long-term video-EEG analysis with depthelectrode recordings revealed insult-dependent changes in circadian rhythm activity, which may suggest even a multilateral interference of depth-electrode implantation, circadian EEG patterns, pilocarpine-induced SE, and seizure dynamics after this transient insult. EEG patterns correlate with the circadian activity in a cyclic pattern within the different frequency bands in human. 44 For the first time, we demonstrate that different brain insults affect circadian EEG activity. Our results revealed that the circadian rhythm was intensely disturbed for several days after depth-electrode surgery and pilocarpine-induced SE. The neuronal network function that generates physiologic circadian activity recovered 10 days after depth-electrode surgery and 3 days after pilocarpine-induced SE. Intriguingly, induction of SE when the circadian activity is not yet restored after depth-electrode implantation results in an attenuated epilepsy model in a chronic long-term perspective, characterized by a decrease of seizure frequency as well as severity. We observed here that for a more robust epilepsy model, 14-day recovery after electrode surgery is relevant for the induction of SE.
Therefore, our data underscore that the time point and impact of depth-electrode EEG surgery on the phenotype must be tightly controlled, as it is important to consider that surgery strongly affects the epileptic phenotype in this widely used model. In mice monitored after pilocarpineinduced SE, "epileptogenesis" is characterized by the dynamics of epileptiform activity toward behavioral recurrent seizures. The clustering of spontaneous seizures at the transition from sleep to activity stages of mice has to be taken into account for many types of analyses. Elucidating the molecular mechanisms that determine the obviously strong circadian dynamics of the seizure threshold appears important and has intriguing implications also for optimization of pharmacotherapies.
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